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We explore a more general class of soft supersymmetry-breaking masses and interac- 
tions than that usually considered, both in general and in the MSSM context, where our 
results for the one-loop /3-functions correct some errors in the literature. We identify a 
new class of one-loop finite supersymmetric theories. 
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1. The new soft breakings 

The minimal supersymmetric standard model (MSSM) consists of a supersymmetric 
extension of the standard model, with the addition of a number of dimension 2 and di- 
mension 3 supersymmetry-breaking mass and interaction terms. It became popular when 
it was demonstrated that such a structure is a natural consequence of supergravity when 
supersymmetry is broken in a hidden sector. (For a review, see Ref. The purpose 

of this paper is a preliminary exploration of the consequences of a more general set of 
supersymmetry-breaking terms. For a general A/" = 1 theory, let us write 

= -^SUSY + -^SOFT- (1-1) 

Here Lsusy is the Lagrangian for the supersymmetric gauge theory, containing the gauge 
multiplet {A^, A} (A being the gaugino) and a matter multiplet {(/>i, V'i} transforming as a 
representation R of the gauge group Q. We assume a superpotential of the form 

W = lY'^''(j),(t>j(j)k. (1.2) 

A renormalisable superpotential will in general also contain quadratic and linear terms. 
We suppose that there are no gauge singlet fields so there is no linear term; and as will 
become clear below, we do not need an explicit quadratic term because such a term will 
be included special case from our new soft breakings. 

The soft terms usually considered are those contained in the following Lagrangian: 

4oFT = {^y^<f>'<i>J + iih''''(p^(pJ(pk + ^b^' (p^(pJ + \M\\ + h.C.) . (1.3) 

Indeed, in the MSSM context one often sees the (incorrect) assertion that -^sqft contains 
all possible soft terms 0. The designation "soft" refers to the fact that the inclusion of 
LgQprp breaks supersymmetry but does not introduce quadratic divergences^], and is hence 
said to preserve naturalnes^. However in the case of a wide range of theories there are 
further possible dimension 3 terms which preserve naturalness, as follows: 

^SOFT = </'Vj>fc + \rnF'H^'>pJ + mA"''>P^\a + h.C. (1.4) 

^ For a recent honourable exception and a nice MSSM review, see Ref. Q 

^ In a ?7i theory naturalness also requires tvY = 0, where Y is the Ui hypercharge|Q 
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The rriA term (first discussed in Ref. 0) is only possible given adjoint matter fields; not 
a feature of the MSSM, but often encountered in GUTs. The reason the terms exhibited 
in Eq. (|1.4|) do not appear in the classification of Ref. 0] is that in general they engender 
quadratic divergences. These divergences are in scalar tadpoles, and hence absent if there 
are no gauge singlet matter fields; as is the case in the MSSmH. Thus a truly model- 
independent approach to the MSSM should include terms of the form shown in Eq. ( |1.4| ). 



2. The one-loop /3-functions 

We now present the one-loop /3- functions for Lsoft = -^soft + -^soft- '^^^ 
functions for scalar masses and interactions may be calculated using the following equation 
for the tree scalar potential Vq: 



, dXi 



The sum over / includes all masses and couplings, and STr stands for the usual spin- 
weighted trace. (Note that 7^ is the Landau gauge scalar anomalous dimension, which 
differs from the chiral superfield anomalous dimension, 7.) This equation, in fact, was 
employed in Ref. to seek and classify one-loop finite theories. In the case of the /3- 
functions for the fermion mass terms the explicit calculation is very simple. 
The one-loop results for the gauge coupling /3-function (3g and for 7 are: 

IQTT^fjg = g^Q and IQtt^Yj = P'j, (2-2) 

where 

Q = T{R) - 3C{G), and P'j = \Y'^%ki - 2g'^C{Ryj. (2.3) 

Here 

T{R)5ab = TT{RaRi,), C{G)5ab = facdhcd and C{Ryj = {RaRayj, (2.4) 
and as usual Y^*^ = y*-?'^ etc. For the new soft terms from Eq. ( p..4|) we find: 

167T^{P^^)ij = P'^^mFkj + P^jmF^k, (2.5a) 
167r^(/3^^)i„ = P^niAja + g'^QrriAia, (2.56) 



^ Although singlets are a popular addition in not-so- minimal models; recently in the context 
of (Dirac) neutrino masses 
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and 

167r2(/3,)f = ipV/' + P'lri' + \rrYimnY'^^ + 2r'l'^Y,^r.Y^'^ + 2g\''C{R)\ 
+ 2g\'l'\Ra)\{Raym ' 2mpi^Y'^^^Y'P'''Y^^, - ^g'mpaCiKf ^Y'^''' 
- AgV2 [g''C{G)m'^{Ra)\ + {RaY lY'^'^Y^r^rm^/] + {k ^ j). 

(2.6) 

For the original soft terms in Eq. ( |l.ij| ) we find 

IGn^pj^'' = U'^^ + U^'^ + U'^\ (2.7a) 

167r2/3*^' = V'^ + (2.76) 

f67r2[/3^.]*, =P^^,, (2.7c) 

167r2/3M = 2g^QM, {2.7d) 

where 

^ijfc _ /^ij^pfc^ + y^J'^X^, (2.8a) 

+ 4g^MmfC{Ryk - Ag^C{G)mJm^^ , (2.86) 
= |lSp,l^^'^"(m2)V + lY^P^p^^im'Tj + 2y^P'?y,p,(m2)-^ + hj^.h^^'^ 
+ rf r^, + 2r^Vfc - 4(m|fm^z^ + mA^am^")^*"^-^,^^ 

- 9>g''{MM*C{Ryj + m|fmF,fcC(i?)^ + C(G')m^"m^,„ + [RaRbf jniAkam''^) 

- 4V2giY'^'mFmn{RarjmAia + YjmimT{Ra)\m'X) (2.8c) 



with 



X', = h'^%ki + Ag'MC{Ry,. (2.9) 



In the expression corresponding to Eq. ( 2.7c ) in Ref 0], there is an additional contri- 
bution of the form g'^^RaY jTr[Ram?]. This term arises only for U{1) and amounts to a 
renormalisation of the linear D-term that is allowed in that case. 

In the special case when = h^^^ = M = = 0, niF = r^^ = Y^^^^u and 
{m?y j = iJL^^lJiji then the theory becomes super symmetric, with 

167r2(/3^),, = P\ixkj + P'^jlJ^rk. (2.10) 



It is easy to check that Eqs. ( |2.5aP , (p^), (|2.8c| ) are consistent with this result. In the case 



= 0, mp = II, rj^ = Y^^'-Hii and {rn?y j — > {rn?y j + our results reduce to the 



usual soft /3-functions, as given in Ref. (see also Ref. 0). It is easy to see that this 
corresponds to the inclusion of a term ^n^^(pi(j)j in the superpotential. This is why we do 
not need to include such a term in Eq.( |1.2| ). Indeed, a plausible common origin for the 
new and usual soft terms would form the basis for a solution to the so-called "/i problem" . 

An interesting special case is provided by one-loop finite theories such that P = Q = 0. 
Theories with rj'' = mp = tua = were considered in Ref. 0; but there are other 
possibilities. Note that we have immediately that Prnp = (^mA — if 



and = 0, we find that (3r = f^b = 0. If we additionally set 



(2.11) 



m^'''mAja = pS'j,h = -MY,{myj = {2p+^MM*)6'j and CiRYj =C{G)5' 



J' 



(2.12) 

then we have W^j = X^j = and one-loop finiteness. A theory that can satisfy these con- 
straints is one with Q = SU{N), three adjoint matter superfields and the superpotential Q 



W = gN 



(2.13) 



ATS -4 

where the unbroken theory has the field content of A/" = 4, but no higher supersymmetry. 



3. The MSSM 

We now turn to the case of the MSSM, in the approximation where we retain only 
the third generation Yukawa couplings. In this context, in fact, the existence of both r^'^ 
and mp-type terms was entertained in a pioneering paper on the MSSM[0 so we adopt 
some of their notation for convenience of comparison. Thus we write 



W = \tH2Qt + XbHiQh + KHiLf, 



(3.1) 



-(1) 

^SOFT 



:i7ii72 + ^^M,A,A,+h.c. 



1=1 



-f [miQ\tH2Qt -I- msXbHiQb + meXrHiLr + h.c] 



(3.2) 



^ One loop finite theories with J\f = 2 supersymmetry and nonzero r^^ were constructed in 
Ref. a 



5 



and 

(2) — ~ 

-^SOFT ~ ™4V'i^i'0-ff2 + rngXtHiQt + mrXbH2Qb + m5\rH2LT + h.c. (3.3) 

Nowadays me, 8,10 ^ire usually written ^r,6,t respectively. We note en passant that if R- 
parity violation is allowed then, as is well known, there are various additional terms allowed 
in W; the extra allowed terms of the 0^0* and ipip-type are as follows (for one generation): 

-^SOFT^ = PiL*Qt + P2H2H1T + mpipL'ipH2 + h.c, (3.4) 

but we do not pursue this possibility here. 

It is straightforward to show from our results that 

1671^(3^2 = 2Xl{mj + ml + ml+ m|) + 6A^(m? + m| + m J + m|) 

+ 6Xtml - SCnml - Qgluj - 2g'^Mf, (3.5a) 
1677^/3^2 = QX'timl + m?o + m| + m|) + 2Xlml + 6Agm? 

- SCnml - QglMl - 2g'^M^, (3.56) 
167r^/3^2 = (A^ + 3A^ + 3A^)m3 + 2\^m^mQ + GA^mymg + GA^mgmio 

- ACnml + QglmAM2 + 2g''^Mim4, (3.5c) 
IGn^Pm, = {Xl + 3A^ + 3A2 - 4CH)m4, (3.5d) 
IGn^Pm, = {Xl - 3Ag + SX'^)m5 + GrmXl + (4m5 - 8m4)CH, (3.5e) 
IGTT^Pme = 8A?™6 + BA^ms + 6glM2 + 6^''Mi, (3.5/) 
1671^/3^, = (-A^ + 3A^ + 5A^2)m7 + 2m5A^ + 2A^(m9 - 2m4) 

+ (4m7 - 8m4)CH, (3.55f) 
IGn'^Pma = 2A^m6 + 12Agm8 + 2X'^mio 

+ f fir^Ms + 6^iM2 + fg'^M^, {3.5h) 

167r^/3^9 = (A^ + 5A^ + 3A?)m9 + 2m7A^ - 4m4A^ + (Amg - 81714)0 h, (3.5z) 

16n^f3^,, = 2Xlms + UX^^mio + fglM^ + 6glM2 + fg'^M^, (3.5j) 

167r2/?^^ = 2X, + 2Xt - fglMi - Qg^Mi - ^g'^M^ {3.5k) 

IGtt^ Pml = - fgiMi - fg'^Ml (3.50 

32 
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t 

le^Pml = - fgiM-^ - Ig'^M-f, (3.5m) 



b 

167r2/3^2 = 2X^ - QglMl - 2g'^Ml (3.5n) 

[Xr - Sg'^M^, (3.5o) 

IGtt^Pm, = 2biMigl {3.5p) 



where 61,2,3 = (33/5, -1, -3), g''' = 3gj/5, Ch = Igl + ^gl and 



Xt = X^{mQ + rrij + + mg + m^Q — 2m 



I), 



Xb = A^(m^ + m| + mf + m^ + m|-2m|), (3.6) 

Xr = (m| + m|- + ml + ml + ml — 2m\) . 

The terms hnear in the gaugino masses Mi differ by a sign from Ref. this is a matter 
of convention. The results for [3rm and /Smg, however, disagree. This appears to arise from 



the omission in Ref. [10| of some contributions which cancel in the supersymmetric limit. 



4. IR fixed points 

In this section we discuss the RG evolution of m4 5 7 ^, with emphasis on possible fixed 



point (or quasi-fixed point) structure. In a recent paper [^, we showed that in a wide range 
of theories the existence of stable infra-red fixed points for the Yukawa couplings implies 
stable infra-red fixed points for the A-parameters and soft scalar masses.H We shall see 
that there is no such simple correspondence for the new soft interactions. 

It follows from Eq. ( |3.5| ) that there is a fixed point of the RG evolution such that 

m4 m4 m4 

This fixed point corresponds to the supersymmetric limit for these parameters (supersym- 
metry is not fully restored since we do not have, for example, that mxjm^ = 1 is a fixed 
point). An obvious question is whether Eq. ( |4.1| ) represents an infra-red fixed point of 
our theory, and if so whether fixed point (or, more likely, quasi- fixed-point) behaviour is 
exhibited in the standard evolution down to Mz- The stability matrix for the evolution of 
217 and ^ is gj^gn by: 

7714 ' m4 m4 ° 

/SCh-GXI 6X1 \ 

S = I 2X1 8Ch - 2X1 + 2X1 2X1 (4-2) 

V 2x1 8Ch + 2XIJ 

which has eigenvalues 8Ch, 8Ch + Ai,2 where A 1,2 are the roots of the quadratic 

A2 - 2(A2 -Xl- 2Xl)A - 4{3Xl + 3A? + Xl)Xl = 0. (4.3) 

Let us consider two special cases: 

^ We first showed IR- focussing of soft parameters for some GUTs in Ref. p^ ; see also Ref. [|l3|. 
For recent analyses in tlie MSSM context, see Ref. []T^ (small tan/3) and Ref. fl^ (large tan/3). 
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4.1. The Quasi Fixed Point 

Suppose that we are near the quasi-infra-red fixed point (QIRFP) for At, Xt{Mz) ~ 1.1. 
This corresponds to tan/3 ^1.7 and means we can neglect A;, and A^-, and it is easy to see 
that our fixed point is stable. With the Yukawa couplings and other soft parameters, one 
finds (given a stable fixed point) QIRFP behaviour rather than convergence to the fixed 
point. In this case, m-j/m^ shows good fixed point convergence, while mg/m^ and m^/m^ 
approach much more slowly, with no marked QIRFP behaviour. If, for example, we have 
1715 = Tn-j = Trig = and Tn^ 7^ at the gauge unification scale, Mjj, then at Mz we find 

and ^^0.9, (4.4) 
1714 1TI4 rn4 

whereas if we take = my = mg = 2m4 at Mu then at Mz we find: 

~ ~ i_5^ and ^ 1.1. (4.5) 

m4 m4 m4 

The fact that 1715 and mg remain approximately equal is easy to understand from 
Eqs. (|3.5e, j ) using Xi, ^ X^. ^ 0. 

4.2. Trinification 

There is a region of parameter space giving acceptable electro-weak breaking that 
corresponds to Yukawa trinification: Xt{Mu) ~ Xb{Mu) ~ Xr{Mu) ~ 0.6 . The corre- 
sponding value of tan/3 is tan/3 ~ 50. The two eigenvalues 8Ch + ^1,2 are both positive 
at Mu but one of them is negative at Mz. Consequently we cannot anticipate that the 
fixed point (Eq. ([4.1| )) will be relevant. Indeed, taking 1715 = my = mg = and m4 7^ at 
Mu, we find (at Mz): 

^-0.7, ^-0.7, and ^-0.4, (4.6) 

m4 m4 m4 

whereas if we take ms = my = mg = 2m4 at Mu then at Mz we find: 

— ^ — ^ 1.3, and — ^ 1.6, (4.7) 

m4 m4 m4 

so in this case none of the parameters show fixed point behaviour, as expected. This 
time my and mg remain approximately equal, and again this is easy to understand from 
Eqs ( |3.5.gr,z|) , using A;, ^ A^ ^ At. 



We turn now to a full running analysis of the theory, with the assumption that there 
is no explicit Higgs ^-term. 
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5. RG evolution 

In general, if we admit these new soft breakings the effect is to enlarge the (already 
gargantuan) parameter space of the MSSM. This parameter space is customarily controlled 
in the MSSM by assumptions of unification for the soft scalar masses (to mo), gaugino 
masses (to M) and A-parameters (to A). A distinctive possibility within our scenario is as 
follows: suppose we adopt this unification, the non-standard soft terms are present, m^j^g 
unify to m^, and there is no fi-term in the superpotential. In the special case that the soft 
terms satisfy m4^5j 9 = 0, this corresponds to the MSSM without a /i-term. Now in the 
standard running analysis, the Higgs potential minimisation is used to determine ml and 
(at Mz)- We are, however, constrained by the absence of a /U term and the fact that 
we are still requiring mf and m| to unify at Mu- 

As discussed recently by Falk|T6[], the MSSM with a /U term such that \^\ < 0.4M, say. 



is restricted to a very small region of parameter space at mo >> M. As a consequence, 
it is difficult to arrange for a Higgsino-like lightest neutralino. In our scenario, however, 
it turns out that the fact that m4 and m^ are "divorced" from 11 means we are able to 
achieve acceptable vacua with m4 < M while retaining unification for both scalar and 
gaugino masses. Values for mo are lower than in the MSSM (/x = 0) case but for an 
acceptable vacuum we find that mo > 595 GeV. 

Allowed region with IVl=200GeV, A=0, m4=100GeV 




Fig.l: The region of the mo, tan /3 plane corresponding to an acceptable 
electroweak vacuum, for M = 200GeV, m4{Mu) = lOOGeV and A = 0. 
The shaded region corresponds to one or more sparticle or Higgs masses 
in violation of current experimental bounds. 
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In Fig. 1, we show the region of the mo, tan /3 plane where we are able to obtain (by 
varying m^.) an acceptable electroweak vacuum for illustrative values of M, m^, and A. 
We have made allowance for radiative corrections by using the tree Higgs minimisation 
conditions, but evaluated at the scale mo- While a crude approximation, this suffices 
to demonstrate our main point that even with n = there are substantial regions of 
parameter space available, including ones with 1714 < M and hence a Higgsino-like light 
neutralino. The lowest value of mo (mo ~ 590GeV) corresponds to a value of tan/3 ^ 8; at 
this value of tan/3 we find that msj^g behave as in section (4.1), i.e. ~ mg at Mz- For 
mo = 600GeV and tan/3 = 8, for example, we find m^. = l.OGTeV, ~ mg ~ 590GeV, 
my ~ 410GeV, a Higgs with mass 84GeV and a LSP neutralino with mass 50GeV. For 
convenience we collect the sparticle mass matrices which are affected by the new soft 
breakings in an appendix. 

In conclusion: if we wish to make no assumptions concerning the nature of the under- 
lying theory, supersymmetric ^^j-terms should be replaced by the set {m^Yj, rj^ , rn^, m^ 
in general. With minimal unification assumptions this replaces the MSSM /i-parameter 
with two parameters 1714 , m^ . 

Note added: when we submitted this paper we were unaware of Ref. |T^, in which 
4>'^(p*-type soft-breakings are used to generate fiavour mass hierarchies via radiative cor- 
rections; and the need to consider such terms in a model-independent analysis was also 



stressed in Ref. |]T^. We thank Nir Polonski for bringing these papers to our attention. 



Appendix A. The sparticle mass matrices 

In this appendix we collect the sparticle mass matrices which are affected by our 
generalised soft breaking. 
The stop matrix is: 

/m| + m? + i(4M2,-M|)cos2/3 mt(mio - mg cot/3) \ 

V mi(mio - m9Cot/3) m| + m^ - |(M^ - M|) cos 2/3 / ' ^ 

Similarly for the bottom squarks we have: 

m^ + ml- \{2M^ + M|) cos 2/3 m;,(m8 - my tan /3) 



mbimg - mj tan (3) + ml + \{M^ - M^) cos 2(3 ) ^ 

and for the tau sleptons: 

m| + m^ - i(2M^ - M|) cos2/3 mT-(m6 - ms tan/3) \ . 

m^(m6 - m5tan/3) m| m^ + (M^ - M|) cos 2/3 y ' ^ '' 
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The neutralino mass matrix is: 



/Ml 
Ms 

—Mz cos 13 sin Oy/ M z cos (3 cos 

\ M^ sin /3 sin — M^ sin /3 cos 

while the chargino mass matrix is: 



—Mz cos (3 sin 9w 
Mz cos (3 cos 


— 777,4 



M^ sin /9 sin 9w \ 
—Mz sin /? cos 9w 

—7774 

/ 



/ M2 v^Mma sin 

I \/2Mw cos /? 7714 



(A.4) 



(A.5) 



The Higgs (mass)^ matrices and the sneutrino masses are unaffected, except inasmuch as 
our preferred scenario involves = 0. 
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